Although the concept of tissue buffering was formulated early in the study of acid-base disturbances, attention in the past has been directed primarily towards the effects of these disturbances on blood and extracellular fluid. More recently the demonstration by Darrow and his co-workers (1-3) of exchanges of intracellular cations during clinical and experimental potassium deficiency stimulated renewed interest in the quantitative aspects of the buffering action of intracellular fluid. Accordingly, some years ago the authors undertook quantitative estimation of the effects in man of acute experimental respiratory alkalosis and acidosis on the components of the multiphase system of red cells, plasma, interstitial fluid, and "intracellular" fluid (calculated as the non-chloride space), as well as on exchanges in the kidney. The latter renal effects will be reported in another paper (4) .
Our results indicate that in man the effects of acute hyperventilation or carbon dioxide inhalation are buffered to a large extent by a series of linked ionic exchanges with a phase or phases outside the chloride space, as well as with buffer systems within the blood and extracellular fluid. Since these findings were reported in abstract (5-8) similar conclusions have been reached by Giebisch, Berger, and Pitts (9) , on the basis of experimental respiratory disturbances in the dog. Estimates of the importance of tissue buffering 1 Laboratory facilities were aided by grants from the Life Insurance Medical Research Fund, the National Heart Institute of the United States Public Health Service (Grants H-340 and H-405), and the C. Mahlon Kline Fund for Development in the Department of Medicine. 2 Established Investigator of the American Heart Association. 3 Present address: 501 Boylston Street, Boston, Mass. 4 During tenure of Post-doctorate Fellowship of the National Institutes of Health, United States Public HIealth Service. have also been made in acute metabolic alkalosis and acidosis in man (10, 11) and in the dog (12) (13) (14) .
EXPERIMENTAL PROCEDURE AND METHODS
The effects of the two opposite types of respiratory disturbance, hyperventilation and CO_ inhalation, were assessed by comparison of the changes observed from the control period to the period during altered respiration and from the latter to the recovery period. This assessment has been made by use of the balance technic; the method of calculation is presented in the next section.
Twelve normal men between the ages of 19 and 34, students and physicians, served as experimental subjects. All subjects were in the fasting state and the studies were performed during the morning hours (8 A.M. to 12 noon); during this interval diurnal variations in acidbase balance and renal function should be small, unidirectional, and comparable between all experiments as a control background. Standard loading of the subjects with water and solutes was carried out before and during the experiments as follows. In the respiratory alkalosis experiments, this consisted essentially in water loading only in amounts equivalent to urine excreted. In the respiratory acidosis experiments, Experiments 1 to 5 inclusive, the subjects were given 4.2 gm. NaHCO3 (50 mEq.) by mouth at -95 to -150 minutes to produce a very slight metabolic alkalosis and ensure a neutral or alkaline urine before the onset of the stimulus; in the sixth experiment NaCl was given as a control. In all the latter experiments one liter of water was given with the salt as a priming solution to institute an adequate and relatively constant urine flow; subsequently water was taken orally in amounts equivalent to urinary excretion. All subj ects remained recumbent throughout the experiments.
Following control periods of 47 to 74 minutes' duration, respiratory alkalosis was induced by voluntary hyperventilation for approximately 30 minutes in 5 of the 6 experiments, and for twice that period in the last experiment; respiratory acidosis was induced by breathing 7.5 to 7.7 per cent CO2 in air or 0, for periods of 21 to 30 minutes. Observations were continued during recovery periods of 67 to 110 minutes in duration. During both sets of experiments serial measurements of the acidbase factors of blood and of the concentration of elec-trolytes in plasma were made on samples of arterial or cutaneous arterialized blood (15, 16) . In a few instances ions other than bicarbonate were measured in venous serum. Simultaneously measurements were made of the renal clearance of electrolytes and of renal hemodynamics, to be described in a subsequent paper (4) .
Heparinized blood for acid-base studies was collected and handled with precautions to prevent loss of CO2 (10, 16) . One portion of each sample was centrifuged anaerobically, and the plasma drawn off and stored in a greased syringe for analysis of total CO2 by means of the manometric Van Slyke and Sendroy apparatus (17) , sodium and potassium with a Barclay internal standard flame photometer (18) , and chloride by a titrimetric silver iodate method (19) . The remaining portion of each sample of blood was stored in the capped syringe in an ice bath until aliquots were taken for determination of hemoglobin (20) , and of hematocrit value, pH and whole blood CO2 by a modification of the Shock and Hastings microtechnique (21, 16) . In this modification visual colorimetric comparison of pH at 370 C. was replaced by reading in the Klett-Summerson photometer, with a green filter, in a manner similar to that described by Van (1, 24) . In essentially the same manner it is possible to calculate from the changes in total "extracellular" bicarbonate the transfers of hydrogen ion into and out of the chloride space, when allowance has been made for the uptake or release of hydrogen ion by the nonbicarbonate buffers in red cells and plasma, and for the excretion of hydrogen by the kidney. The This value represents hydrogen ion that must be accounted for in respect to a change in the total quantity of "extracellular" plus red cell buffer base, ABBe,+, corrected for the external non-respiratory balance of hydrogen ion, bH+. It is calculated as follows:
AH + = ABBer+-b+. (3) Although this is designated as hydrogen moving in one direction, it may also represent bicarbonate moving in the opposite direction across the phase boundary; the two cannot be differentiated. If AH,+ is positive, one may refer to a transfer of hydrogen ion into the cells, and if negative, out of the cells. It should be understood, however, that these opposite changes may represent only a change in the rate of movement of the ion in a constant direction rather than reversal of its movement. The continuing metabolism present in the dynamic equilibrium which we designate as a "steady state" provides acid products which cause a steady movement of hydrogen ions out of the intracellular fluid. In response to respiratory acidosis one may calculate a positive AH,+, and describe it as a shift of hydrogen ion into cells. It may represent, however, a decrease in the steady rate at which the ion is moving out of cells, a process that would have an identical effect on the intracellular and extracellular fluid.
The method of calculation of ABBer+ was similar to that described previously (10) , with certain modifications occasioned by the fact that the chloride shift cannot be neglected in respect to these ionic transfers. The altered quantity of buffer base was derived from ABBer+ = AHCO3er-+ ABufb-, (4) where ABufb-is the change in non-bicarbonate blood buffer anions as calculated below in Equation 9 , and AHCO3er-is the change in total "extracellular" plus red cell bicarbonate calculated as follows:
AHCO3e -= AHCO3 -+ AHCO3 -+ AHCO32. (5) For plasma, interstitial fluid and red cells, indicated by subscripts p, f and r, respectively, the change in the amount of bicarbonate between observation 1 and 2 is given by the equation:
AHCOi-= V2(HCOi-)2 -Vl(HCO-)1, (6) where V1 and V2 represent initial and final volumes, respectively. The bicarbonate concentration in plasma, (HCO3-) , was calculated from the observed plasma total CO2 concentration and pH, by means of the Henderson-Hasselbalch equation. Red cell "bicarbonate" (including carbamino CO2) was calculated from the whole blood total C02, plasma total CO2 and red cell volume, the appropriate subtraction being made for carbonic acid on the basis of the solubility coefficient and CO2 pressure. The whole blood CO2 concentration was calculated from the plasma CO2 concentration, pH, and whole blood hemoglobin concentration by means of the line chart of Van Slyke and Sendroy (17) , on the assumption of complete oxygen saturation in the arterial or cutaneous blood. In the experiments where cutaneous blood samples were used the plasma CO2 concentration was calculated from whole blood CO2. Interstitial fluid bicarbonate concentration, (HCO-)f, was derived from (HCOO-), by the following equation:
(HCO3-)f = 1.16 (HCO3-)p. (7) The factor 1.16 is based on a Donnan ratio of arterial plasma to interstitial fluid bicarbonate concentration, expressed per kilogram of water, of 0.91, and a water content of 935 grams per liter in plasma and 990 grams per liter in interstitial fluid (25) . The rather low value of this Donnan ratio as compared with the usually quoted one of 0.95 or 0.96 is explained by the relatively large arterio-venous difference for bicarbonate. The corresponding factors which were used for the concentrations of Cl, Na and K were as follows: 1.08, 1.015, and 0.97, respectively (26, 27) .
Initial (23), as adapted in a slightly different form (15) .
With the value for ABBer+ thus obtained, the non-respiratory hydrogen ion balance, bH+, must be calculated in order to solve Equation 3 for change in intracellular hydrogen ion. In the absence of intake this hydrogen ion balance is calculated from the urinary excretion of ammonia and titratable acid, UVNH4+ and UVTA, which measure hydrogen excreted through the kidney, and of bicarbonate, UVHCO03, which is equivalent to hydrogen ion added to the body: Tables III A and III B. Extracellular bicarbonate and buffer base, and intracellular hydrogen (Tables III A and III B, Figures 3 and 4) . In respiratory alkalosis, at the end of the stimulus, the total extracellular bicarbonate changed by a mean of -136 mEq. with a reciprocal change in total non-bicarbonate buffer anion of + 39 mEq. In respiratory acidosis the same changes were + 32 mEq. and -12 mEq., respectively. The algebraic sum of these two values, the change in total extracellular buffer base, was -97 mEq. in respiratory alkalosis and + 20 mEq. in respiratory acidosis. All values except the last were significant at the 5 per cent level. However, from the end of the CO2 inhalation to the end of the recovery period a change in the opposite direction occurred with the loss of 36 mEq. p of extracellular buffer base. This recovery change was highly significant (p < 0.001), a finding adding strong support to the contention that the initial response during CO2 inhalation was real.
When these values are corrected for the small amounts of buffer base excreted with bicarbonate and conserved by the secretion of acid and ammonium by the kidney, they provide a quantitative estimate of the transfer between the extracellular and intracellular phases of hydrogen ion in one direction or bicarbonate in the other ( Figure  4 ). Thus, taken as change in the former, the mean change in intracellular hydrogen was -92 mEq. in respiratory alkalosis and + 22 mEq. in respiratory acidosis. Once again, while the mean change in intracellular hydrogen between control periods and the end of the stimulus was significant in the alkalosis group only (p = 0.005), the mean reciprocal change from the end of the stimulus to the end of recovery following CO2 inhalation was highly significant (-37 mEq., p < 0.001).
Intracellular sodium and potassium (Tables  III A and III B, Figure 4) . In respiratory alkalosis sodium decreased in the chloride space to a far greater extent than it was lost in the urine; in respiratory acidosis sodium increased or was unchanged in this phase. On the assumption that the chloride space is essentially equivalent to the extracellular fluid, these data indicate that sodium moved into the intracellular phase by a mean value of + 48 mEq. during respiratory alkalosis; during respiratory acidosis the mean change of - anion (see below). Changes in cellular potassium were relatively insignificant. In respiratory acidosis (Figure 5 B) , the opposite pattern of electrolyte transfers obtained, though to a somewhat lesser degree. The increase in total extracellular bicarbonate resulted from the CO2 inhalation rather than changes in renal excretion. The associated hydrogen ion was taken up by the protein buffer anions of the blood and by body cells. Simultaneously cellular sodium diminished while cellular potassium was essentially unchanged.
Thus our derived results indicate that acute re- spiratory disturbances of acid-base equilibrium involve transfers of hydrogen between the extracellular and intracellular phases of the body fluids. As shown in Figure 6 , these net transfers of cellular hydrogen were reciprocally related to those of cellular sodium plus potassium; of the transfers of these two latter cellular cations, those of sodium predominated. This inverse correlation is highly significant (r = -0.868, p < 0.001). The regression coefficients for these sodium and potassium changes on the reciprocal hydrogen change were statistically significant in both sets of experiments and were not significantly different from each other. The regression coefficient for the pooled values from both groups was -0.500 with a standard error of + 0.0634, thus indicating a 95 per cent chance that the true value lies between -0.365 and -0.635, The magnitude of this relationship therefore suggests a two-for-one exchange, i.e., under these particular conditions of either acute respiratory acidosis or alkalosis approximately two hydrogen ions move for one ion of sodium and potassium considered together. Transfers of undetermined anion may explain the maintenance of electroneutrality of the extracellular fluid in the presence of this unequal exchange of cations. Calculated changes in undetermined ion approximated closely the excess of hydrogen transfer over the opposite transfer of sodium, during stimulus and recovery. Since essentially the same factors comprise both calculations, the undetermined anion data are not presented although they appear to represent a valid deduction of one link in the ionic transfers that occur in response to these respiratory acid-base stimuli. DISCUSSION 
Validity of the calculations
The principal assumption underlying the calculations is that changes in the volume of extracellular fluid may be quantitated from exchanges of chloride, i.e., the chloride space is equated with the true extracellular volume. We recognize that chloride is present in some cells and that, strictly speaking, the chloride space cannot be equated with the "true" extracellular space. However, there is an increasing body of evidence to indicate that larger molecules, such as inulin, fail to penetrate that portion of the extracellular fluid which consists of connective tissue or collagen (32, 33) , and that this fact may well explain some of the discrepancies between the distribution of inulin and of the smaller ions, chloride, bicarbonate, and sodium (34) (35) (36) 10) . We have discussed this problem in detail in an earlier paper (10) . In the absence of a better measure of the volume of the "true" extracellular fluid, for purposes of calculation the chloride space is taken here as its approximate equivalent. It is also recognized that the movement of ions out of the chloride space does not necessarily mean that they enter cells in general or cells of any particular tissue. It is not known to what extent transcellular "pools" such as cerebrospinal fluid and gastrointestinal secretions may participate in these exchanges. Sodium has been shown to be readily mobilized from bone in certain animals (37, 38) . But the fact that the cells of the bulk tissues, such as skeletal muscle, contain little chloride and much protein (a potential buffer), and the fact that muscle analyses by various workers have indicated changes in ionic concentration in response to acidbase disturbances, make it reasonable from the physiologic standpoint to label as "intracellular" those ions which move outside the chloride space.
Nevertheless, it is pertinent to assess the effect on our derived data of possible shifts of chloride between the true extracellular and intracellular phases of the body fluids. Those Earlier workers had demonstrated experimentally that a major portion of CO2 withdrawn from the body by hyperventilation, or retained in the body by inhalation, came from, or was added to, tissues other than blood (39) (40) (41) . On the assumption of an unchanged basal R. Q., Rosenbaum (42) calculated that during hyperventilation 21 to 47 per cent of expired non-metabolic CO2 came from outside the chloride-corrected thiocyanate space; conversely, during CO2 inhalation, 12 to 56 per cent of the CO2 was retained in this space. These studies clearly indicated that the intracellular fluid shared in the buffering of respiratory acidbase disturbances) but there was not sufficient appreciation of the obligatory nature of associated transfers of hydrogen and other cations.
These associated ionic transfers are delineated in our experiments and in the important paper by Giebisch, Berger, and Pitts (9) which has been published since our experiments were completed.
The results of their study of the extra-renal response of dogs to acute respiratory acid-base disturbances are in close agreement with our findings in man. Measured against the radio-sulfate space, transfers of chloride were found to occur only across the red cell membrane; transfers of sodium (and of potassium to a lesser degree), as well as of phosphate and lactate anions, were calculated to occur across some unkown extracellular boundary. Cellular anions are involved as well as cations. Our results, at least in respiratory alkalosis, indicate that part of the cellular buffering consisted in release of hydrogen ion with an undetermined anion. The nature of this "undetermined" anion was not identified in our experiments but it may well be lactate since an increase in extracellular lactic acid has been specifically reported to occur under these circumstances (43) (44) (45) .
The relatively few analyses of tissues which are available in respiratory acid-base disturbances are in general agreement with the indirect evidence of our balance experiments. Darrow and Sarason (46) found a high muscle content of intracellular sodium in rats subjected to low oxygen tension and chronic hyperventilation. Malorny (47) found during CO2 inhalation by animals an increase of sodium and potassium, in whole muscle tissue, and a decrease in liver tissue, and suggests that these cations were exchanging with hydrogen. Cooke, Coughlin, and Segar (48) analyzed skeletal muscle from rats subjected to prolonged CO2 inhalation and partially compensated respiratory acidosis. The potassium content was at the upper limit of normal and the intracellular sodium was diminished. These results suggest an exchange of cellular sodium for hydrogen.
Acute respiratory acid-base disturbances lead to linked transfers of intracellular cations, probably as the direct result of changes in extracellular pH; no positive or negative load of fixed cation is imposed on the body as is the case in the socalled metabolic disturbances. Intracellular exchanges of hydrogen, sodium, and potassium ions have been more widely recognized in the latter, namely, primary metabolic disturbances of acidbase equilibrium (10) (11) (12) (13) (14) , as well as in primary deficiency of potassium (1) (2) (3) (49) (50) (51) .
The relation of cellular to renal transfers. The renal and cellular adjustments of respiratory acidbase disturbances are linked reactions. The pre-
